collisions. An analysis with some similarities to ours for the bright debris disk of HD 172555 (20) found that dust created in a hypervelocity impact will have a size slope of~-4, in agreement with the fits of (10) to the IR spectrum of ID8.
After the exponential decay is removed from the data ("detrending"), the light curves at both wavelengths appear to be quasi-periodic. The regular recovery of the disk flux and lack of extraordinary stellar activity essentially eliminate coronal mass ejection (21) as a possible driver of the disk variability. We employed the SigSpec algorithm (22) to search for complex patterns in the detrended, post-impact 2013 light curve. The analysis identified two significant frequencies with comparable amplitudes, whose periods are P 1 = 25.4 T 1.1 days and P 2 = 34.0 T 1.5 days (Fig. 3A) and are sufficient to qualitatively reproduce most of the observed light curve features (Fig. 3B ). The quoted uncertainties (23) do not account for systematic effects due to the detrending and thus are lower limits to the real errors. Other peaks with longer periods in the periodogram are aliases or possibly reflect long-term deviation from the exponential decay. These artifacts make it difficult to determine whether there are weak real signals near those frequencies.
We now describe the most plausible interpretation of this light curve that we have found. The two identified periods have a peak-to-peak amplitude of~6 × 10 −3 in fractional luminosity, which provides a critical constraint for models of the ID8 disk. In terms of sky coverage at the disk distance inferred from the IR SED, such an amplitude requires the disappearance and reappearance every~30 days of the equivalent of an opaque, stellar-facing "dust panel" of radius~110 Jupiter radii. One possibility is that the disk flux periodicity arises from recurring geometry that changes the amount of dust that we can see. At the time of the impact, fragments get a range of kick velocities when escaping into interplanetary space. This will cause Keplerian shear of the cloud (24), leading to an expanding debris concentration along the original orbit (supplementary text). If the ID8 planetary system is roughly edge-on, the longest dimension of the concentration will be parallel to our line of sight at the greatest elongations and orthogonal to the line of sight near conjunctions to the star. This would cause the optical depth of the debris to vary within an orbital period, in a range on the order of 1 to 10 according to the estimated disk mass and particle sizes. Our numerical simulations of such dust concentrations on moderately eccentric orbits are able to produce periodic light curves with strong overtones. P 2 and P 1 should have a 3:2 ratio if they are the first-and second-order overtones of a fundamental, which is consistent with the measurements within the expected larger errors (<2s or better). In this case, the genuine period should be 70.8 T 5.2 days (lower-limit errors), a value where it may have been submerged in the periodogram artifacts. This period corresponds to a semimajor axis of~0.33 astronomical units, which is consistent with the temperature and distance suggested by the spectral models (10) .
Despite the peculiarities of ID8, it is not a unique system. In 2012 and 2013, we monitored four other "extreme debris disks" (with disk fractional luminosity ≥10 −2 ) around solar-like stars with ages of 10 to 120 My. Various degrees of IR variations were detected in all of them. The specific characteristics of ID8 in the time domain, including the yearly exponential decay, additional more rapid weekly to monthly changes, and color variations, are also seen in other systems. This opens up the time domain as a new dimension for the study of terrestrial planet formation and collisions outside the solar system. The variability of many extreme debris disks in the era of the final buildup of terrestrial planets may provide new possibilities for understanding the early solar system and the formation of habitable planets (25) . Superconductivity and superfluidity of fermionic and bosonic systems are remarkable many-body quantum phenomena. In liquid helium and dilute gases, Bose and Fermi superfluidity has been observed separately, but producing a mixture in which both the fermionic and the bosonic components are superfluid is challenging. Here we report on the observation of such a mixture with dilute gases of two lithium isotopes, lithium-6 and lithium-7. We probe the collective dynamics of this system by exciting center-of-mass oscillations that exhibit extremely low damping below a certain critical velocity. Using high-precision spectroscopy of these modes, we observe coherent energy exchange and measure the coupling between the two superfluids. Our observations can be captured theoretically using a sum-rule approach that we interpret in terms of two coupled oscillators. I n recent years, ultracold atoms have emerged as a unique tool to engineer and study quantum many-body systems. Examples include weakly interacting Bose-Einstein condensates (1, 2), two-dimensional gases (3), and the superfluid-Mott insulator transition (4) in the case of bosonic atoms, and the crossover between Bose-Einstein condensation (BEC) and fermionic superfluidity described by the the theory of Bardeen, Cooper, and Schrieffer (BCS) for fermionic atoms (5) . Mix-tures of Bose-Einstein condensates were produced shortly after the observation of BEC (2), and a BEC mixed with a single-spin state Fermi sea was originally observed in (6, 7) . However, realizing a mixture in which both fermionic and bosonic species are superfluid has been experimentally challenging. This has also been a long-sought goal in liquid helium, where superfluidity was achieved separately in both bosonic 4 He and fermionic 3 He. The double superfluid should undergo a transition between s-wave and p-wave Cooper pairs as the 3 He dilution is varied (8) . However, because of strong interactions between the two isotopes, 3 He- 4 He mixtures contain only a small fraction of 3 He (typically 6%) which, so far, has prevented attainment of simultaneous superfluidity for the two species (8, 9) .
Here we report on the production of a Bose-Fermi mixture of quantum gases in which both species are superfluid. Our system is an ultracold gas of fermionic 6 Li in two spin states mixed with 7 Li bosons and confined in an optical dipole trap. Using radio-frequency pulses, we prepare 6 Li atoms in their two lowest hyperfine states j1 f 〉 and j2 f 〉, whereas 7 Li is spin polarized in the second-tolowest state j2 b 〉 (10). For this combination of states, in the vicinity of the 6 Li Feshbach resonance at a magnetic field of 832 G (11), the scattering length of the bosonic isotope a b = 70a 0 (a 0 is the Bohr radius) is positive, preventing collapse of the BEC. The boson-fermion interaction is characterized by a scattering length a bf ¼ 40:8a 0 that does not depend on magnetic field in the parameter range studied here. At resonance, the Fermi gas exhibits a unitary limited collision rate, and lowering the optical dipole trap depth leads to extremely efficient evaporation. Owing to a large excess of 6 Li atoms with respect to 7 Li, the Bose gas is sympathetically driven to quantum degeneracy.
The two clouds reach the superfluid regime after a 4-s evaporation ramp (10) . As the 7 Li Bose gas is weakly interacting, the onset of BEC is detected by the growth of a narrow peak in the density profile of the cloud. From previous studies on atomic Bose-Einstein condensates, we conclude that the 7 Li BEC is in a superfluid phase. Superfluidity in a unitary Fermi gas is notoriously more difficult to detect because of the absence of any qualitative modification of the density profile at the phase transition. To demonstrate the superfluidity of the fermionic component of the cloud, we slightly imbalance the two spin populations. In an imbalanced gas, the cloud is organized in concentric layers, with a fully paired superfluid region at its center, where Cooper pairing maintains equal spin populations. This 6 Li superfluid core can be detected by the presence of a plateau in the doubly integrated density difference (12) . Examples of density profiles of the bosonic and fermionic superfluids are shown in Fig. 1 
is the critical temperature of the 7 Li bosons, and w b (w f ) is the geometric mean trapping frequency for 7 Li ( 6 Li). Combined with the observation of the 6 Li plateau, this implies that the Fermi cloud is also superfluid with a temperature below 0:8T c;f . Here, T c;f is the critical temperature for superfluidity of a spin-balanced, harmonically trapped Fermi gas at unitarity, T c;f ¼ 0:19T F (13), and
The superfluid mixture is very stable, with a lifetime exceeding 7 s for our coldest samples.
As seen in Fig. 1 , the Bose-Fermi interaction is too weak to alter significantly the density profiles of the two species (14) . To probe the interaction between the two superfluids, we study the dynamics of the mass centers of the two isotopes (dipole modes), a scheme used previously for the study of mixtures of Bose-Einstein condensates (15, 16) , mixtures of Bose-Einstein condensates and spin-polarized Fermi seas (17) , spin diffusion in Fermi gases (18) , or integrability in one-dimensional systems (19) . In a purely harmonic trap and in the absence of interspecies interactions, the dipole mode of each species is undamped and can therefore be measured over long time spans to achieve a high-frequency resolution and detect small perturbations of the system. We excite the dipole modes by shifting the initial position of the 6 Li and 7 Li clouds by a displacement d along the weak direction z of the trap (10). We then release them and let them evolve during a variable time t, after which we measure their positions. By monitoring the cloud oscillations during up to 4 s, we determine their frequencies with high precision ( Dw w ≲ 2 Â 10 −3 Þ: In the absence of the other species, the oscillation frequencies of 6 Li and 7 Li are, respectively, w f ¼ 2p Â 16:80ð2Þ Hz and w b ¼ 2p Â 15:27ð1Þ Hz. In the axial direction, the confinement is mostly magnetic, and at high magnetic field, both species are in the Paschen-Back regime, where the electronic and nuclear spin degrees of freedom are decoupled. In this regime, the magnetic confinement mostly results from the electronic spin and is therefore almost identical for the two isotopes. The ratio w f =w b is then very close to the expected value ffiffiffiffiffiffiffi ffi 7=6 p ≃ 1:08 based on the ratio of the atomic masses (20) .
Contrary to the large damping observed in the Bose-Bose mixtures (15), we observe long-lived oscillations of the Bose-Fermi superfluid mixture at frequencies (w b ,w f ). These oscillations extend over more than 4 s with undetectable damping (Fig. 2 and fig. S2 ). This very weak dissipation is only observed when the initial displacement d is below 100 mm, corresponding to a maximum relative velocity
. In this situation, the BEC explores only the central part of the much broader Fermi cloud. When v max > v c ¼ 0:42 þ0:05 −0:11 v F ¼ 20 þ2 −5 mm/s, we observe a sharp onset of damping and heating of the BEC compatible with the Landau criterion for breakdown of superfuidity ( Fig. 2C) (10) . For comparison, the sound velocity of an elongated Fermi gas at its center is v s
, where x ¼ 0:38 is the Bertsch parameter (5, 13) . The measured critical velocity v c is very close to v s 0 and is clearly above the BEC sound velocity of ≃5 mm/s at its center.
Two striking phenomena are furthermore observed. First, whereas the frequencyw f of 6 Li oscillations is almost unchanged from the value in the absence of 7 Li, that of 7 tow b ¼ 2p Â 15:00ð2Þ Hz. Second, the amplitude of oscillations of the bosonic species displays a beat at a frequency ≃ðw f −w b Þ=ð2pÞ, revealing coherent energy transfer between the two clouds ( Fig. 2B) . To interpret the frequency shift of the 7 Li atoms, we note that N b ≪ N f ; which allows us to treat the BEC as a mesoscopic impurity immersed in a Fermi superfluid. Similarly to the Fermi polaron case (22) , the effective potential seen by the bosons is the sum of the trapping potential V ðrÞ and the mean-field interaction g bf n f ðrÞ, where n f is the total fermion density, g bf ¼ 2pℏ 2 a bf =m bf , and m bf ¼ mbmf mbþmf is the 6 Li/ 7 Li reduced mass. Neglecting at first the back-action of the bosons on the fermions, we can assume that n f is given by the local-densityapproximation result n f ðrÞ ¼ n
f ðmÞ is the stationary equation of state (EoS) of the Fermi gas. Because the Bose-Einstein condensate is much smaller than the Fermi cloud ( Fig. 2A) , V ðrÞ is smaller than m 0 f over the BEC volume. We can thus expand n ð0Þ f , and we get
We observe that the effective potential is still harmonic and the rescaled frequency is given byw
For a unitary Fermi gas, the chemical potential is related to the density by m f ¼ xℏ 2 ð3p 2 n f Þ 2=3 =2m f .
In the weakly coupled limit, we get dwb
q is the Fermi momentum of a noninteracting harmonically trapped Fermi gas. Using our experimental parameters k F ¼ 4:6 Â 10 6 m −1 , we predict a valuẽ w b ≃ 2p Â 14:97 Hz, in very good agreement with the observed value 15.00(2)Hz.
To understand the amplitude modulation, we now take into account the back-action on the fermions. A fully quantum formalism using a sum-rule approach (23) (24) (25) leads to a coupled oscillator model in which the positions of the two clouds obey the following equations (10) M f ::
Þ is the spring constant of the axial magnetic confinement, and K bf is a phenomenological (weak) coupling constant describing the mean-field in-teraction between the two isotopes. To recover the correct frequency shift (Eq. 2), we take K bf ¼ 2K b dwb wb : Solving these equations with the initial condition z f ð0Þ ¼ z b ð0Þ ¼ d, and defining r ¼ N b =N f and e ¼ 2mb mb−mfw b − wb wb , in the limit r; e ≪ 1 we get
The predictions of Eqs. 5 and 6 agree well with experiment ( Fig. 2B) . Interestingly, the peak-topeak modulation of the amplitude of 7 Li is much larger than the relative frequency shift, a consequence of the almost exact tuning of the two oscillators (up to a factor ffiffiffiffiffiffiffi ffi 6=7 p
). Thus, the mass prefactor in the expression for e is large (=14) and leads to e ≃ 0:25 at unitarity. This results in efficient energy transfer between the two modes despite their weak coupling, as observed.
We now extend our study of the Bose-Fermi superfluid mixture to the BEC-BCS crossover by tuning the magnetic field away from the resonance value B f ¼ 832 G. We explore a region from 860 G down to 780 G where 1=k F a f spans the interval ½−0:4; þ0:8. In this whole domain, except in a narrow region between 845 and 850 G where the boson-boson scattering length v max v F γ s 1 
is negative, the mixture is stable and the damping extremely small. The frequency shift of the BEC (Eq. 2) now probes the derivative of the EoS n f ðm f Þ in the BEC-BCS crossover. In the zero-temperature limit and under the local density approximation, Eq. 2 obeys the universal scaling dwb wb ¼ k F a bf f 1 kFaf In Fig. 3 , we compare our measurements to the prediction for the function f obtained from the zero-temperature EoS measured in (26) . On the BCS side, (1=k F a f < 0), the frequency shift is reduced and tends to that of a noninteracting Fermi gas. Far on the BEC side ð1=k F a f ≫ 1Þ, we can compute the frequency shift using the EoS of a weakly interacting gas of dimers. Within the mean-field approximation, we have dnf dm f ¼ 2mf pℏ 2 add , where a dd ¼ 0:6a f is the dimer-dimer scattering length. This expression explains the increase in the frequency shift when a f is reduced, i.e., moving toward the BEC side [see (10) for the effect of Lee-Huang-Yang quantum correction].
The excellent agreement between experiment and our model confirms that precision measurements of collective modes are a sensitive dynamical probe of equilibrium properties of many-body quantum systems (27) . Our approach can be extended to the study of higher-order excitations. In particular, although there are two first sound modes, one for each atomic species, we expect only one second sound for the superfluid mixture (28) if crossthermalization is fast enough. In addition, the origin of the critical velocity for the relative motion of Bose and Fermi superfluids is an intriguing question that can be further explored in our system. Finally, a richer phase diagram may be revealed when N b =N f is increased (29) or when the superfluid mixture is loaded in an optical lattice (30) .
EARTHQUAKE DYNAMICS

Strength of stick-slip and creeping subduction megathrusts from heat flow observations
Xiang Gao 1 and Kelin Wang 2,3 * Subduction faults, called megathrusts, can generate large and hazardous earthquakes. The mode of slip and seismicity of a megathrust is controlled by the structural complexity of the fault zone. However, the relative strength of a megathrust based on the mode of slip is far from clear. The fault strength affects surface heat flow by frictional heating during slip. We model heat-flow data for a number of subduction zones to determine the fault strength. We find that smooth megathrusts that produce great earthquakes tend to be weaker and therefore dissipate less heat than geometrically rough megathrusts that slip mainly by creeping. S ubduction megathrusts that primarily exhibit stick-slip behavior can produce great earthquakes, but some megathrusts are observed to creep while producing small and moderate-size earthquakes. The relationship between seismogenesis and strength of subduction megathrust is far from clear. Faults that produce great earthquakes are commonly thought of as being stronger than those that creep (1) .
Megathrusts that are presently locked to build up stress for future great earthquakes are thus described as being "strongly coupled." However, some studies have proposed strong creeping megathrusts because of the geometric irregularities of very rugged subducted sea floor (2, 3) .
Contrary to a widely held belief, geodetic and seismic evidence shows that very rough subducting sea floor promotes megathrust creep (2). All 
